Background {#Sec1}
==========

Animals harbor diverse microbial communities which have profound effects on host health. These microorganisms can range from disease-causing to commensal and mutually beneficial microbes. Insects in particular owe their evolutionary success and ecological diversification to their symbiotic associations with microorganisms \[[@CR1]\]. Insects that feed on nutritionally deficient diets such as plant sap, woody materials and vertebrate blood, rely on obligate mutualistic microorganisms to degrade recalcitrant diet and to synthesize essential nutrients \[[@CR2]--[@CR4]\]. Microbial symbionts also play other roles in their hosts' biology such as detoxification of compounds, protection against pathogens and natural enemies, heat tolerance, and mediating intra- and interspecific communication \[[@CR4]--[@CR9]\]. Aphids, tsetse flies and triatomine bugs are some of the well-studied insect systems with fascinating associations with microbial symbionts. Aphids feed exclusively on plant sap and harbor an endosymbiotic bacterium, *Buchnera aphidicola* that process essential amino acids that are limited in plant phloem \[[@CR10]\]. Similarly, the microbial symbionts, *Wigglesworthia* spp. in tsetse flies and *Rhodococcus* spp. (e.g. *R. rhodnii*, *R. triatomae* and *R. corybacteriodes*) in triatomine bugs contribute to metabolism through synthesis of B complex vitamins that are deficient in blood diets \[[@CR11]--[@CR13]\].

Despite the significance of insect-associated microbiota in host physiology and evolution, our understanding of the factors that shape their composition and structure is limited. Accumulating evidence has demonstrated that insect-microbe interactions can be mediated by factors such as host phylogeny, diet, life stage, and infection by pathogens \[[@CR14]--[@CR16]\]. Host sampling location is also a key determinant of insect-associated microbiota as host exposure to different ecological conditions across study sites can alter within-host microbial composition and structure through direct effect on regional microbial pools \[[@CR17]\] and indirectly, through effects on host fitness, abundance and nutritional quality \[[@CR18]\].

Mosquitoes comprise around 3500 species worldwide and are among the most studied group of insects due to their role in transmission of diverse parasites and pathogens that cause diseases in humans, domestic animals and wildlife. Like other insects, mosquitoes host a diverse community of microorganisms that are known to influence host development, reproduction and susceptibility to pathogens \[[@CR19]--[@CR23]\]. These microorganisms may be used to control mosquito-borne parasites/pathogens such as malaria, dengue, chikungunya and Zika viruses, by reducing the mosquito lifespan \[[@CR24]\], by blocking pathogen/parasite proliferation through natural competition mechanisms \[[@CR25]--[@CR29]\], or through expression of anti-pathogen molecules that are genetically introduced through paratransgenesis \[[@CR30], [@CR31]\]. The composition of mosquito microbiota can vary markedly between species and even among individuals of the same mosquito species \[[@CR22], [@CR32]--[@CR34]\]. Although many studies have shown that factors such as host environment, stage of development, diet type, pathogenic infection and host sampling location can influence mosquito microbiota, these studies have mostly focused on a few mosquito species, primarily the vectors of malaria, dengue, Zika, chikungunya and yellow fever \[[@CR15], [@CR16], [@CR35]--[@CR37]\]. Thus, the microbiota of many mosquito species and the factors that shape their composition and diversity remain poorly understood.

Here, we surveyed the bacterial communities of adult mosquitoes originating from six states in the USA: Iowa, Louisiana, Michigan, Minnesota, Missouri and Wisconsin. The objective of the study was to develop a better understanding of how host location influences the composition and structure of mosquito microbiota. To achieve this, we used high-throughput next-generation sequencing to identify the bacterial microbes present in different mosquito species collected across the six states, and then compared the microbial community richness, diversity and composition within and between mosquito species to determine their association with host sampling location. The findings of this study improve our understanding of the factors that structure microbial communities in mosquitoes and provide an important first step in understanding mosquito-microbe interactions and identification of microbial taxa that can potentially be used for symbiotic control of mosquito-borne diseases.

Methods {#Sec2}
=======

Mosquito collection {#Sec3}
-------------------

This study took advantage of the suction trap network (STN) specifically established for sampling aphid populations. The suction trap network was first established in Illinois in 2001 and expanded in 2005 to most of the states in the Midwest of USA. Of the nine states under the STN, we were able to obtain mosquitoes from Iowa, Louisiana, Michigan, Minnesota, Missouri and Wisconsin (Table [1](#Tab1){ref-type="table"}). Most of the traps were designed according to the protocol outlined by Allison & Pike \[[@CR38]\], and built at the Illinois Natural History Survey (INHS) under the supervision of David Voegtlin. Each suction trap consisted of a ≈ 6 m vertical tube (30.5 cm diameter at the top and 38 cm at the bottom) with an electric fan drawing 10 m^3^ of air per minute. Although the traps were specifically designed to collect aphids, they also consistently collect mosquitoes, other dipterans, and other airborne abiotic and biotic agents that were sucked into the trap. Captured samples were drawn into a 250 ml Nalgene™ polypropylene jar (Thermo Fisher Scientific, Waltham, MA, USA) with a 70 mm opening containing 83 ml of a mix of 50% propylene glycol and 50% water. The propylene glycol works as an insect preservative and is not considered a hazardous liquid for shipping purposes \[[@CR39]\]. The propylene glycol is also a proven preservative for microbial DNA from insect hosts and has been used in pitfall traps to collect insects for use in characterization of insect-associated microbiota \[[@CR40], [@CR41]\]. The suction traps were operated from May 20 through October 21, 2016 between 07:00 and 20:00 h. This timing enabled us to capture both day-biting and night-biting mosquito species. The jar was replaced weekly in each location. All the suction trap samples were shipped to the National Soybean Research Center, University of Illinois at Urban-Champaign where the aphids were picked out. The remaining samples were taken to the Medical Entomology Laboratory at the Illinois Natural History Survey, University of Illinois. Here the female mosquitoes were collected and preserved by location in 2 ml microcentrifuge tubes containing 500 μl of 95% ethanol and stored at -20 °C until DNA isolation.Table 1Number of mosquitoes of each species that were processed and their site of collectionSiteGPS coordinates and area descriptionSpeciesNo. used for analysisTotal processedKanawha, Iowa: Northern Research Farm, Iowa State University40.931, -93.80; Surrounding area rural, mostly corn and soybeans*Ae. vexans*1616*Cx. pipiens*55*Cx. tarsalis*33Unclassified05Chase, Louisiana: Sweet Potato Research Station, Louisiana State University Agricultural Center32.101, -91.703;\
Surrounding area rural, mostly crops including some corn and soybeans*An. quadrimaculatus*67*Cx. quinquefasciatus*22*Mn. titillans*11*Ps. confinnis*67Unclassified013East Lansing, Michigan: South Campus Field Research Facilities, Michigan State University42.691, -84.498;\
Surrounding area mixed with cityscape and some experimental plots of various crops*Ae. vexans*2727*Cx. pipiens*33Unclassified00Morris, Minnesota: West Central Research and Outreach Center44.706, -95.869;\
Surrounding area rural mostly corn and soybeans*Cx. pipiens*2124Unclassified05Columbia, Missouri: Campus, University of Missouri38.907, -92.281;\
Surrounding area mixed with some city scape and rural mostly corn and soybeans*Cx. pipiens*1520*Cx. tarsalis*11Unclassified09Rhinelander, Wisconsin: Rhinelander Agriculture Research Station, University of Wisconsin45.663, -89.269 Surrounding area forested with some fields of potato*Cs. melanura*910*Cx. salinarius*12Unclassified03Total116163

Sample processing and DNA extraction {#Sec4}
------------------------------------

A total of 163 mosquito samples were processed for microbial analysis (Table [1](#Tab1){ref-type="table"}). Each individual female mosquito was rinsed once in 70% ethanol for 10 min and 5 times in sterile Dulbecco's phosphate-buffered saline (DPBS) solution (Thermo Fisher Scientific) for 10 s and placed in a 1.5 ml microcentrifuge tube containing 100 μl sterile DPBS solution. A 3.2 mm stainless steel bead was added in the tube and the whole mosquito was macerated by Tissuelyser II (Qiagen, Valencia, CA, USA) at 28 beats/s for 4 min. The entire lysate was utilized for genomic DNA isolation using QIAamp DNA mini kit (Qiagen) following the manufacturer's instructions. Isolated DNA was reconstituted in 100 μl of AE buffer and two aliquots of 50 μl each were prepared and stored at -20 °C until further processing. One 50-μl aliquot of the resulting DNA isolate was utilized for mosquito species identification because morphological identification was impossible due to the loss of morphological features during sample collection. The other 50-μl aliquot of the DNA isolate was used to build a microbiome library for Illumina HiSeq sequencing at the W.M. Keck Center for Comparative and Functional Genomics at the University of Illinois at Urbana-Champaign.

Molecular identification of mosquitoes {#Sec5}
--------------------------------------

PCR was performed to amplify the 5\' cytochrome *c* oxidase subunit 1 (*cox*1) region of the mitochondrial DNA by using the primers of Kumar et al. \[[@CR42]\]. The reaction was performed using Amplitaq Gold PCR mastermix (Thermo Fisher Scientific) with the following thermocycling parameters: step 1: 95 °C for 5 min; step 2: 5 cycles of 94 °C for 40 s, 45 °C for 1 min, and 72 °C for 1 min; step 3: 35 cycles of 94 °C for 40 s, 51 °C for 1 min, and 72 °C for 1 min; and step 4: 72 °C for 10 min. The amplification product was purified using Montage PCR Cleanup Filter Plates (Millipore, Billerica, MA, USA) and its size confirmed in a gel. Sequencing reactions for both forward and reverse strands were conducted using the ABI BigDye sequencing kit (Applied Biosystems, Foster City, CA, USA) following the manufacturer's suggested protocol but at one-fourth the recommended volume. The reaction products were purified *via* ethanol precipitation and sequenced on an ABI3730 genetic analyzer (Applied Biosystems). The resulting DNA sequences were edited visually using Sequencher version 4.1.2 and identified by comparisons with the GenBank DNA sequence database at 97% sequence similarity \[[@CR43]\]. Out of 163 mosquito samples that were tested, 133 were identified to species at 97% sequence similarity and were processed for analysis of microbiota as described below (Table [1](#Tab1){ref-type="table"}).

Preparation of *16S* rDNA gene library {#Sec6}
--------------------------------------

All DNA samples were measured on a Qubit (Life Technologies, Grand Island, NY, USA) using High Sensitivity DNA Kit and diluted to 2 ng/μl prior to amplification. PCR amplification targeting the V3-V5 hypervariable region of bacterial *16S* rDNA was conducted using the methods and primer sequences described in Muturi et al. \[[@CR33]\]. The final Fluidigm pools were transferred from the Functional Genomics laboratory to the DNA Services laboratory at the W. M. Keck Center at the University of Illinois at Urbana-Champaign where they were quantified using Qubit (Life Technologies) and qPCR on a BioRad CFX Connect Real-Time System (Bio-Rad Laboratories Inc., Hercules, CA, USA) and then pooled. The pool was mixed evenly based on the qPCR values, denatured and spiked with 16% indexed PhiX control library and loaded along with mosquito samples for other experiments onto 1 lane of the HiSeq V2 flowcell at a concentration of 9 pM for cluster formation and sequencing. The PhiX control library provides a balanced genome for calculation of matrix, phasing and prephasing, which are essential for accurate base-calling. The libraries were sequenced from both ends of the molecules to a total read length of 250 nt from each end. A negative control sample consisting of DNA extracted from molecular biology grade water was sequenced with the same metagenomic pipeline to allow empirical assessment of the contamination background.

Operational taxonomic unit (OTU) picking and taxonomy assignment {#Sec7}
----------------------------------------------------------------

The IM-TORNADO v.2.0.3.2 platform which is designed to process non-overlapping reads for analysis as a whole unit without sacrificing one of the reads in the pair, was used to process the de-multiplexed fastq-formatted files obtained from the sequencing facility \[[@CR44]\]. The 5\' PCR primer for forward (R1) and reverse (R2) reads were trimmed using Trimmomatic v.0.33 \[[@CR45], [@CR46]\] with the parameter HEADCROP:17 for R1 read and HEADCROP: 18 for R2 read. The quality filtering process, removal of chimeric sequences, and OTU picking process followed the same procedures described in our previous work \[[@CR33], [@CR47]\]. OTUs were assigned at 97% sequence similarity using the Ribosomal Database Project (RDP) version 10 as the reference set with a threshold of 70% bootstrap confidence \[[@CR48]\].

Statistical analyses {#Sec8}
--------------------

Statistical analyses were conducted using R 3.3.2 ([https://cran.rproject.org/bin/windows/base-/old/3.2.3/](https://cran.rproject.org/bin/windows/base-/old/3.2.3)) and PAST version 3.14 \[[@CR49]\]. To reduce the problem of spurious OTUs, OTUs accounting for less than 0.005% of the total number of sequences were discarded before downstream analysis \[[@CR50]\]. This procedure also removed the bacterial sequences that were detected in the negative control. Rarefaction and Shannon diversity curves were generated using the *phyloseq* package in R \[[@CR51]\]. We also normalized the sequence number of each sample to 1213 to standardize the sampling effort. This step filtered out 17 samples and left 116 samples available for statistical analysis. Alpha diversity indices including Shannon diversity index (which accounts for both taxa abundance and evenness), number of observed OTUs (species richness), and Chao1 (taxa expected in sample based on extrapolation) were generated in QIIME v.1.9.1 \[[@CR52]\] and their means and 95% confidence intervals were computed in R to test whether there were significant differences in taxa abundance and evenness between mosquito species and populations. Groups with non-overlapping confidence intervals were considered to be significantly different. Non-metric multidimensional scaling (NMDS) with Bray-Curtis similarity matrix values was computed using the *phyloseq* package to test whether microbial communities differed across mosquito species and study sites. Analysis of similarities (ANOSIM) computed using PAST was used to test whether microbial communities from the same mosquito species and study sites were more similar than those of different mosquito species and study sites. SIMPER analysis also performed in PAST was used to determine the bacterial taxa driving dissimilarity of microbial communities from different mosquito species and study sites.

Results {#Sec9}
=======

A total of 4,906,732 raw sequences (both forward and reverse reads) were generated from the 163 mosquito samples that were sequenced. After removal of chimera reads and other non-bacterial sequences, a total of 1,292,622 sequences (mean ± SE = 7930.2 ± 488.2; minimum = 1, maximum = 38,582) were retained. A total of 133 mosquito samples out of the 163 analyzed were successfully assigned to one of the nine mosquito species: *Anopheles quadrimaculatus*, *Aedes vexans*, *Culex pipiens*, *Cx. quinquefasciatus*, *Cx. salinarius*, *Cx. tarsalis*, *Culiseta melanura*, *Mansonia titillans* and *Psorophora confinnis* (Table [1](#Tab1){ref-type="table"}). Each mosquito species was collected at up to 3 sites (Table [1](#Tab1){ref-type="table"}). After quality filtering of bacterial OTUs accounting for less than 0.005% of the total sequences, and rarefaction at 1213 sequences per sample, 116 mosquito samples were retained across the six study sites yielding a total of 284 bacterial OTUs. *Aedes vexans* (112--121 OTUs) had the largest number of OTUs while *Cx. quinquefasciatus* (14), *Cx. salinarius* (14), *Mn. titillans* (16) and *Cx. tarsalis* (16--33) had the lowest number of OTUs (Table [2](#Tab2){ref-type="table"}). The low number of OTUs in the four mosquito species was likely due to the small sample size as only 1--3 individuals were tested for each species (Table [2](#Tab2){ref-type="table"}). The majority of OTUs occurred in a few samples with 217 of the 284 bacterial OTUs occurring in 10 or fewer mosquito samples, 94 of which occurred in a single mosquito (Additional file [1](#MOESM1){ref-type="media"}: Table S1). The most prevalent OTUs were OTU 7 (*Propionibacterium*), OTU 4 (*Bacillus*), OTU 5 (*Pseudomonas*), OTU 12 (*Pseudomonas*), and OTU 9 (*Acinetobacter*) occurring in 60, 55, 53, 53 and 50 mosquito samples, respectively.Table 2Diversity and richness (mean and 95% confidence limits) of whole-body bacterial communities of nine mosquito species from six states in the USAStateSpecies*n*No. of OTUsShannon indexObserved OTUsChao1Iowa*Ae. vexans*161122.56 (2.14--2.98)19.31 (14.15--24.48)20.67 (15.10--26.23)Iowa*Cx. pipiens*5613.13 (1.96--4.30)25.00 (7.29--42.71)27.84 (9.07--46.62)Iowa*Cx. tarsalis*3332.63 (1.61--3.65)13.67 (-8.60--35.93)14.78 (-12.26--41.82)Louisiana*An. quadrimaculatus*6542.29 (1.85--2.73)13.00 (6.60--19.40)13.50 (6.97--20.03)Louisiana*Cx. quinquefasciatus*2141.86 (-0.14--3.86)10.00 (-15.41--35.41)10.50 (-8.56--29.56)Louisiana*Mn. titillans*1162.1716.0017.00Louisiana*Ps. confinnis*6682.55 (1.65--3.45)14.67 (7.02--22.31)16.42 (4.62--28.22)Michigan*Ae. vexans*271213.32 (3.17--3.46)36.56 (34.73--38.39)46.54 (42.29--50.79)Michigan*Cx. pipiens*3623.42 (3.13--3.71)36.00 (27.39--44.61)39.95 (27.70--52.20)Minnesota*Cx. pipiens*21852.14 (1.77--2.51)9.00 (6.86--11.14)9.43 (6.85--12.01)Missouri*Cx. pipiens*15862.74 (2.21--3.26)15.27 (11.20--19.33)16.59 (11.97--21.21)Missouri*Cx. tarsalis*1163.2716.0016.00Wisconsin*Cs. melanura*9392.03 (1.60--2.46)8.56 (5.63--11.49)8.59 (5.64--11.54)Wisconsin*Cx. salinarius*1142.6814.0015.50

Rarefaction analysis showed that microbial richness and diversity vary among individual mosquitoes and that the libraries were sampled at different depths (Fig. [1](#Fig1){ref-type="fig"}). Rarefaction curves for some individual mosquito samples did not plateau indicating the potential for unrecovered rare bacterial taxa. To determine whether bacterial diversity and richness varied significantly between mosquito species and study sites, we computed the alpha diversity indices along with 95% confidence intervals (Table [2](#Tab2){ref-type="table"}). Results revealed that bacterial diversity was significantly higher among *Cx. pipiens* and *Ae. vexans* from Michigan compared to *Cx. pipiens* from Minnesota, *Ae. vexans* from Iowa, *An. quadrimaculatus* from Louisiana and *Cs. melanura* from Wisconsin. Bacterial richness was also significantly higher among *Cx. pipiens* and *Ae. vexans* from Michigan compared to *Ae. vexans* from Iowa, *Cx. pipiens* from Missouri and Minnesota, *Cs. melanura* from Wisconsin, and *An. quadrimaculatus* and *Ps. confinnis* from Louisiana. In addition, *Cx. pipiens* from Missouri had significantly higher bacterial richness compared to *Cx. pipiens* from Minnesota and *Cs. melanura* from Wisconsin.Fig. 1Rarefaction analysis of observed richness (**a**) and Shannon index (**b**) within individual mosquitoes

A total of 14 bacterial phyla were identified in this study (Additional file [2](#MOESM2){ref-type="media"}: Table S2). The most dominant phyla were Proteobacteria (70.7%), Firmicutes (14.1%), Actinobacteria (10.2%) and Bacteroidetes (2.8%) which collectively accounted for 97.8% of the total sequences. Among the Proteobacteria, the most dominant taxon was Alphaproteobacteria (28.2%) followed by Gammaproteobacteria (22.0%) and Betaproteobacteria (18.9%). The relative abundance of these taxa varied markedly between mosquito samples (Fig. [2](#Fig2){ref-type="fig"}). Alphaproteobacteria was the most abundant taxon in *Cx. pipiens* and *Cx. tarsalis* from Missouri, *Cx. pipiens* from Iowa, and *Cx. quinquefasciatus*, *An. quadrimaculatus* and *Mn. titillans* from Louisiana. Betaproteobacteria was the most abundant taxon in *Cx. pipiens* and *Ae. vexans* from Michigan, and *Cx. salinarius* from Wisconsin. Gammaproteobacteria was either the first or the second most abundant taxon in *Cx. pipiens* and *Ae. vexans* from Michigan and Iowa, *Cx. salinarius* and *Cs. melanura* from Wisconsin and *Ps. confinnis* from Louisiana. Actinobacteria was the most abundant taxon in *Cx. pipiens* from Minnesota and Firmicutes was mostly found in *Cx. pipiens* from Minnesota, *Cx. tarsalis* from Iowa, *Cs. melanura* from Wisconsin, and *Mn. titillans* and *An. quadrimaculatus* from Louisiana. This pattern continued at the family and genus level, where on average, mosquitoes from the same study site tended to have more similar microbiota compared to those from different sites (Fig. [2](#Fig2){ref-type="fig"}). The family Methylocystaceae and an unclassified family from the order Rhizobiales were mostly detected in mosquitoes from Missouri while Comamonadaceae was mostly detected in mosquitoes from Wisconsin and Michigan, and to a lesser extent in mosquitoes from Iowa. Corynebacteriaceae was mostly found in *Cx. pipiens* from Minnesota, Methylobacteriaceae in *Cx. quinquefasciatus* from Louisiana and Acetobacteriaceae in *An. quadrimaculatus* from Louisiana. An unclassified family of Alphaproteobacteria was also common in *Cx. quinquefasciatus* and *Mn. titillans* from Louisiana. Pseudomonadaceae was more abundant in mosquito samples from Wisconsin while Enterobacteriaceae were more abundant in *An. quadrimaculatus* and *Ps. confinnis* from Louisiana.Fig. 2Relative abundances of bacterial communities detected in adult females from six USA states. Bacterial phyla with abundance of less than 1% and bacterial families and genera with abundance of less than 2% were pooled together as "Other". *Abbreviations*: PIP, *Culex pipiens*; QUI, *Cx. quinquefasciatus*; TAR, *Cx. tarsalis*; SAL, *Cx. salinarius*; QUA, *Anopheles quadrimaculatus*; VEX, *Aedes vexans*; MEL, *Culiseta melanura*; CON, *Psorophora confinnis*; and TIT, *Mansonia titillans*; MI, Michigan; IA, Iowa; MO, Missouri; MN, Minnesota; WI, Wisconsin; LA, Louisiana

At the genus level, *Methylocystis* and an unclassified genus from the order Rhizobiales were mostly detected in mosquitoes from Missouri, *Delftia* in mosquitoes from Michigan, *Pseudomonas* in mosquitoes from Wisconsin, *Corynebacteria* in *Cx. pipiens* from Minnesota, while *Bacillus* was mostly detected in *Mn. titillans* from Louisiana and *Cx. tarsalis* from Iowa (Fig. [2](#Fig2){ref-type="fig"}). In addition, *Acinetobacter* was mostly common in mosquitoes from Michigan and Iowa as well as in *Cs. melanura* from Wisconsin and *Ps. confinnis* and *An. quadrimaculatus* from Louisiana.

Nonmetric multidimensional scaling (NMDS) analysis of the OTUs revealed considerable variation in microbial communities according to species and site of collection (Fig. [3](#Fig3){ref-type="fig"}). Samples from Iowa and Michigan clustered on the positive side of MDS 1 while samples from Missouri, Wisconsin, and Minnesota clustered on the negative side of MDS 1. This difference was significant with a non-parametric permutation analysis of similarity (ANOSIM) test (*R* = 0.699, *P* = 0.0001). Pairwise ANOSIM revealed 21 significant pairwise comparisons, which reduced to 12 significant pairwise comparisons after Bonferroni correction for multiple comparisons (Table [3](#Tab3){ref-type="table"}, Additional file [3](#MOESM3){ref-type="media"}: Table S3). The community structure of microbiota of *Ae. vexans* from Michigan was substantially different from that of *Cs. melanura* from Wisconsin, *An. quadriamaculatus* and *Ps. confinnis* from Louisiana and *Cx. pipiens* from Iowa (*R* statistics range 0.81--0.87). Varying degree of overlap but generally different community structure was observed between microbiota of *Ae. vexans* from Michigan and *Ae. vexans* from Iowa and *Cx. pipiens* from both Missouri and Minnesota. A similar pattern of microbiota was observed between *Cs. melanura* from Wisconsin and *Cx. pipiens* from Missouri and between *Ae. vexans* from Iowa and *Cs. melanura* from Wisconsin and *Cx. pipiens* from both Missouri and Minnesota (*R* statistics range 0.27--0.74). There was little separation between the microbiota of *Cx. pipiens* from Missouri and Minnesota (*R* statistic = 0.21).Fig. 3Non-metric multidimesional scaling (NMDS) ordination of Bray-Curtis distances between microbial communities of nine mosquito species from six states. The states are presented together (**a**) and separately (**b**)Table 3Pairwise ANOSIM comparisons of sample groups. Of the 21 pairwise comparisons that were significantly different from each other, 12 remained significant after adjusting for multiple comparisons; only these are shownPairwise comparisonGlobal *RP*-valueVEX_MI *vs* VEX_IA0.6600.0001VEX_MI *vs* QUA_LA0.8670.0001VEX_MI *vs* MEL_WI0.8210.0001VEX_MI *vs* PIP_MO0.7350.0001VEX_MI *vs* PIP_IA0.8130.0001VEX_MI *vs* PIP_MN0.5940.0001VEX_MI *vs* CON_LA0.8550.0001VEX_IA *vs* MEL_WI0.3420.0001VEX_IA *vs* PIP_MO0.2850.0001VEX_IA *vs* PIP_MN0.2690.0001MEL_WI *vs* PIP_MO0.3660.0005PIP_MO *vs* PIP_MN0.2080.0006*Abbreviations*: *PIP* *Culex pipiens*, *QUA* *Anopheles quadrimaculatus*, *VEX* *Aedes vexans*, *MEL* *Culiseta melanura*, *CON* *Psorophora confinnis*, *MI* Michigan, *IA* Iowa, *MO* Missouri, *MN* Minnesota, *WI* Wisconsin, *LA* Louisiana

Total dissimilarity between pairs of mosquito species from different collection sites and the relative contribution of each bacterial OTU to the observed dissimilarity was determined by SIMPER analysis. The results revealed an overall average dissimilarity of 94.2% among all mosquito-site pairs. A range of OTUs contributed to differences between samples (Additional file [4](#MOESM4){ref-type="media"}: Table S4). The OTUs that contributed most to the observed differences were OTU 2 (*Delftia*, 9.0%), OTU 4 (*Bacillus*, 4.4%), OTU 10 (*Corynebacterium*, 4.0%), OTU 3 (*Acinetobacter*, 3.6%), OTU 13 (*Brevundimonas*, 3.3%) and OTU 7 (*Propionibacterium*, 3.3%). OTU 2 was more abundant in *Cx. pipiens* and *Ae. vexans* samples from Michigan. OTU 4 was more abundant in *Cx. tarsalis* from Iowa, *Mn. titillans* and *An. quadrimaculatus* from Louisiana, *Cx. pipiens* from Missouri and Minnesota and *Cs. melanura* from Wisconsin. OTU 10 was highly abundant in *Cx. pipiens* from Minnesota. OTU 3 was highly abundant in *An. quadrimaculatus* from Louisiana and *Ae. vexans*, *Cx. pipiens* and *Cx. tarsalis* from Iowa. OTU 13 was highly abundant in *Ae. vexans* and *Cx. pipiens* samples from Iowa and OTU 7 was abundant in *Cs. melanura* from Wisconsin and *Cx. tarsalis* from Iowa.

Discussion {#Sec10}
==========

Although it is well known that blood-feeding arthropods such as mosquitoes exhibit a variety of microbial associations, many questions remain about what factors shape host-associated microbial composition and diversity. The objective of this study was to determine the role of host sampling location in shaping the pattern of mosquito-associated microbiota. Unlike our previous studies that focused on the microbiota of mosquito species collected within a small geographical area in Champaign County Illinois \[[@CR32], [@CR36], [@CR53]\], mosquito samples for this study were sampled from six states in continental USA. Each of the nine mosquito species was collected in one to three study sites, making it impossible to examine how the microbiota of each species compared across the six study sites. However, even with this limitation, we believe our findings add to the limited knowledge on the microbiota of different mosquito species, and provides some important insights into how host location influences the composition and diversity of mosquito microbiota. Overall, we determined that the whole-body microbiota of mosquitoes was strongly influenced by the site in which the mosquitoes were collected and in some cases by the mosquito species. This microbiota was dominated by Proteobacteria (70.7%) and Firmicutes (14.1%) which is consistent with previous studies \[[@CR32], [@CR33], [@CR35], [@CR54]\]. Actinobacteria was also dominant in some mosquito samples which might occur due to variations in physiological conditions of individual mosquitoes and/or the environmental conditions they experience.

The strong effect of host sampling location on microbial composition and diversity in mosquitoes might be viewed as an approximation for the sum of environmental effects such as local weather patterns, availability of certain food sources (e.g. blood-meal and nectar sources), and other biotic and abiotic factors. Previous studies have shown that the environment of the sampling site is a key determinant of the bacterial profiles that colonize the mosquitoes \[[@CR35], [@CR37], [@CR54]--[@CR56]\]. These bacterial species could be acquired from the larval environment \[[@CR35]\], vertebrate blood-meal hosts, and vegetation that serve as food sources and resting sites for adult mosquitoes \[[@CR54]\]. Indeed, the most abundant OTUs in this study are commonly found in mosquitoes \[[@CR32], [@CR33], [@CR57]--[@CR59]\] and occur in at least one of these habitats. *Delftia*, *Methylobacterium*, *Acinetobacter*, and members of Acetobacteraceae and Comamonadaceae are frequently associated with plants \[[@CR60], [@CR61]\]. *Corynebacterium* is associated with skin of humans and animals, and *Bacillus*, *Pseudomonas*, *Acinetobacter* and *Methylocystis* are generalists that occur in both aquatic and terrestrial environments in association with both plants and animals \[[@CR60]--[@CR65]\]. *Acinetobacter* is particularly common in nectar where its relative abundance ranges between 49--90% in some plants \[[@CR60]\]. Both male and female mosquitoes feed on nectar and would be expected to acquire this bacterium while nectar feeding. *Pseudomonas*, a common bacterial genus in mosquito larval habitats has been shown to colonize the Malpighian tubules of the mosquito larvae facilitating its transstadial passage from larvae to adult \[[@CR66], [@CR67]\]. Thus, similar to what has been reported for *Drosophila* species, different environments may harbor different types of bacteria and mosquitoes from different environmental niches may acquire different types of bacteria \[[@CR68]\]. Alternatively, bodies of different mosquito species exposed to the same environmental conditions may selectively favor the growth and survival of the same bacterial taxa \[[@CR68]\]. This is especially likely to occur if some of these microbial taxa confer some adaptation to local environmental conditions. We did not investigate the environmental factors that our mosquito samples may have been exposed to, nor the possible roles of detected microbes on host adaptation to local environmental conditions. Future studies incorporating these aspects and focusing on both immature and adult stages of mosquitoes across geographic regions could be more revealing.

It is also noteworthy that similarities in microbial communities among mosquito species from the same study sites could result from cross-contamination during sample collection and processing. Our samples were collected and held for one week in 50% propylene glycol, an insect preservative \[[@CR39]\], prior to transfer to 95% ethanol, which may have presented an opportunity for cross-contamination. This method, combined with surface sterilization of samples in 70% ethanol and sterile water, has been used in studies on ant-microbe interactions without compromising the interpretation of results \[[@CR41]\]. In fact, propylene glycol has been shown to be a suitable alternative for preserving insect samples for future use in DNA-based research on the host or host-associated bacteria when ethanol is not readily available \[[@CR40], [@CR69], [@CR70]\]. Although we cannot rule out the potential for contamination despite having performed surface-sterilization to individual mosquitoes to remove surface bacteria, we are confident our results are a true reflection of the strong impact of sampling location on mosquito microbiota. Further evidence that contamination was not an issue is provided by the marked variation in bacterial OTU richness between mosquito species collected from the same study sites. In the Iowa study site for example, 112 bacterial OTUs were detected in *Ae. vexans* compared to 61 OTUs in *Cx. pipiens* and 33 OTUs in *Cx. tarsalis*. This trend was replicated in the other study sites. Thus, it is clear from these results that variation in microbiota between mosquito species may occur in some sampling locations but not in others, which is consistent with previous findings \[[@CR32]--[@CR34], [@CR55]\].

The role of the major bacterial genera identified in this study on mosquito biology remains poorly understood but a few observations have been made. The genus *Bacillus* is thought to be essential for mosquito reproduction \[[@CR71]\] and *Bacillus* spp. are involved in the digestion of polysaccharides and aromatic compounds such as chitin and lignocellulose in termites \[[@CR72]\]. *Pseudomonas aeruginosa* was shown to improve the growth of *Cx. quinquefasciatus* larvae in a phosphorus-rich medium but inhibited the growth of *Cx. tarsalis*, suggesting that members of this bacterial genera may play an important role on mosquito adaptation to hypereutrophic aquatic habitats \[[@CR73]\]. *Corynebacterium* spp. are key components of vertebrate host skin microbiota and are known to produce volatile compounds that attract host-seeking mosquitoes \[[@CR62]\]. *Acinetobacter* spp. is likely involved in nectar assimilation and blood meal digestion as isolates of this genus from mosquitoes are able to metabolize components of both blood and plant sap \[[@CR74]\].

Our results are consistent with previous findings that mosquitoes have low bacterial richness \[[@CR33], [@CR34], [@CR55]\]. Although the total number of bacterial OTUs identified in different mosquito species ranged between 14--121, individual mosquitoes harbored a much lower number of bacterial OTUs averaging 9--37 OTUs, and many OTUs occurred in a few individuals. Most of the nine mosquito species identified in this study occurred in only one of the six study sites, and further studies examining multiple populations of each mosquito species are likely to discover some additional bacterial taxa. Given the well-documented role of microbial symbionts in mosquito nutrition, survival and susceptibility to pathogens \[[@CR19]--[@CR23], [@CR75]\], the observed variation in microbial composition and diversity between mosquito populations is likely a key determinant of population variation in the ability of mosquitoes to transmit pathogens. Further studies are needed to determine the role of various bacterial taxa identified in this study on mosquito biology with the ultimate goal of identifying those that could be harnessed for mosquito-borne disease control.

The endosymbiont *Wolbachia* is commonly reported in mosquitoes \[[@CR32], [@CR33], [@CR54], [@CR76]\] and is known to induce a variety of reproductive phenotypes in their hosts such as cytoplasmic incompatibility, male-killing, parthenogenesis and feminization, to facilitate their spread into the host population \[[@CR77]--[@CR79]\]. Interestingly, *Wolbachia* was not detected in any of the mosquito samples in our study despite being one of the dominant bacterial taxa identified in *Cx. pipiens* in our recent studies in Champaign County, Illinois \[[@CR32], [@CR33]\]. It is unclear why *Wolbachia* was conspicuously absent in our samples, but we can offer some possible explanations. First, though unlikely, it is possible that mosquito populations from the six study sites were *Wolbachia*-free as indicated by our results. Alternatively, the mosquito samples for this study were collected using suction traps compared to CDC light traps and BG-Sentinel traps that are commonly used in other studies \[[@CR32], [@CR33], [@CR76]\]. It is possible that *Wolbachia* was present in mosquito populations from these study sites but suction traps selectively attracted and captured *Wolbachia*-free mosquitoes. There is some evidence from *Drosophila* that *Wolbachia* can influence behaviors related to olfaction \[[@CR80], [@CR81]\]. Future studies examining the prevalence of different bacterial taxa including *Wolbachia* in mosquito samples collected using suction traps (with propylene glycol) and other sampling methods may shed light on the potential impact of propylene glycol on these microbes. Finally, although propylene glycol is known to be a suitable preservative for microbial DNA from insect hosts \[[@CR40]\], it is possible it may have differential effect on the stability of DNA from intracellular (e.g. *Wolbachia*) *versus* extracellular bacteria. Further studies are needed to determine which of these factors are responsible for the absence of *Wolbachia* in our mosquito samples.

Conclusions {#Sec11}
===========

In summary, this study provides a unique perspective on the microbial composition and diversity in nine mosquito species and how they are influenced by host location. This knowledge could be of value to vector biologists with interest in exploiting microbial functions to control mosquito-borne diseases. In addition to expanding the number of mosquito species whose microbiota has been characterized, this study opens an opportunity for additional studies to identify the key environmental factors responsible for site-specific variations in mosquito microbiota. Among the factors that should be included in future studies include host genetics, climatic factors, presence of alternative vertebrate hosts, composition and structure of vegetation, among other biotic and abiotic variables. Future studies should also examine the contribution of various bacterial taxa identified in this study on vector susceptibility to a variety of pathogens and the potential to harness these bacterial taxa for symbiotic control of mosquito-borne diseases. These studies should also interrogate how site-specific variation in mosquito microbiota may impact the success of microbe-based mosquito-borne disease control interventions.
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Additional file 1:**Table S1.** Frequency of different bacterial OTUs in mosquito samples. (XLSX 11 kb) Additional file 2:**Table S2.** Number of OTUs from each phylum that were identified from nine mosquito species from six USA states. (DOCX 13 kb) Additional file 3:**Table S3.** Pairwise ANOSIM comparisons of sample groups. Only 12 pairwise comparisons (in bold) remained significant after adjusting for multiple comparisons. *Abbreviations*: PIP, *Culex pipiens*; QUA, *Anopheles quadrimaculatus*; VEX, *Aedes vexans*; MEL, *Culiseta melanura*; CON, *Psorophora confinnis*; MI, Michigan; IA, Iowa; MO, Missouri; MN, Minnesota; WI, Wisconsin; LA, Louisiana. Values on the upper half are global *R*-values while those on the lower half are the associated *P*-values. (DOCX 15 kb) Additional file 4:**Table S4.** SIMPER analysis results showing differential abundance of bacterial OTUs among mosquito species from different study sites. (CSV 40 kb)
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